As part of the Global Atmospheric Passive Sampling (GAPS) Network, this study investigates the occurrence and transport of Persistent Organic Pollutants (POPs) in mountainous regions of southern and southeastern Brazil. Measurements of polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) in the atmosphere were made along altitudinal gradients at the Serra dos Orgaos national park (Rio de Janeiro state) and Sao Joaquim national park (Santa Catarina state) over summer (December to March) and winter (June to August) periods in 2007 and 2008. PCB concentrations (sum of about 30 congeners) ranged from a few tens to a hundreds of picograms per cubic meter and were dominated by the tri-and tetra-PCB homologue groups. These concentrations are considerably higher than those reported in mountain studies from other parts of the world. The highest PCB concentrations were observed at the lower altitude sites (400 to 1 000 m a.s.l.) with a strong negative correlation between air concentration and altitude (Spearman test, p < 0.05). Higher PCB concentrations at the lower altitude sites are attributed to the greater influence from urban/suburban emission sources in Brazil that are associated with both historical and ongoing usage. Air trajectory analysis showed that southerly trajectories stemming from the Atlantic Ocean, with minimal time spent over land, are the main continental influences for both national parks. The total PBDE air concentrations were below the detection limit at all sites, which was on the order of about 20 pg m -3 . PUF disk passive samplers are demonstrated as a cost-effective tool for investigating the effectiveness of PCB regulation and management efforts in Brazil and for monitoring the POPs contamination of pristine and sensitive environments.
Introduction
Persistent organic pollutants (POPs) are environmentally persistent with a high bioaccumulation potential, and pose increased risk to both humans and sensitive ecosystems exposed to them. Moreover, POPs have been found far from their sources including polar and high-mountain regions (UNEP, 2002) . Similar to polar regions, mountainous areas are considered to be some of the most pristine and remote ecosystems worldwide (Livingstone, 2005) . However, when situated near large cities, these areas become strategic points to flag local and regional air pollution. The transport of POPs from emission sources to high-altitude areas is mainly controlled by climate and meteorological parameters such as orographic winds, precipitation rates and air temperature (Daly and Wania, 2005) . In tropical and subtropical mountainous regions, it is believed that precipitation rates and re-emission from soils could play an important role in the atmospheric deposition of organic pollutants (Daly et al., 2007; Estellano et al., 2008) .
The Brazilian highlands known as campos de altitude are considered ideal for studying the high-altitude transport of semivolatile organic pollutants. The campos de altitude is a series of humid subalpine grasslands that spans about 350 km 2 . They are constrained to the highest altitude peaks and plateaus (>2 000 m above sea level) of the southeastern Brazilian Highlands (Safford, 1999) . The campos de altitude highlands are spread across the three largest Brazilian mountain chains (Serra do Mar, Serra da Mantiqueira and Serra do Caparao) located in the states of Sao Paulo, Rio de Janeiro, Minas Gerais and Espirito Santo, and part of the Atlantic rainforest biome. This is a unique ecosystem internationally recognized as a hotspot of biodiversity, species richness and high level of species endemism (Myers et al., 2000; Scarano, 2002) .
Brazil is, historically, one of the largest consumers of legacy POPs in South America, such as polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCs) . Like in other South American countries, the consumption of PCBs in Brazil is mainly in industrial and domestic electric transformer oil usage (UNEP, 2002) , and accounts for around 6.7% of the total amount of Aroclor used globally (Almeida et al., 2007) . Although there is still a large knowledge gap regarding the environmental levels of PCBs in the majority of the South American countries, some studies have reported the levels and trends of PCBs in both abiotic and biotic environmental matrices (Sericano et al., 1995; Torres et al., 2002; Souza et al., 2008; Cunha et al., 2012) . However, only a few studies have investigated the occurrence and transport of PCBs in remote and pristine areas of the South American continent (Barra et al., 2005; Pozo et al., 2007; Estellano et al., 2008) .
In 2009, 10 new POPs were listed under the Stockholm Convention (SC) for regulatory control (www.pops.int): alpha, beta and gamma-hexachlorocyclohexanes (HCHs); endosulfan; tetra, hexa, hepta-bromodiphenyl ethers (commercial penta and octabromodiphenyl ethers) (PBDEs); hexabromobiphenyl; perfluorooctane sulfonic acid (PFOS), its salts and perfluorooctane sulfonyl fluoride (PFOS-F); pentachlorbenzene (PeCB); and chlordecone. Similar to other legacy POPs, these chemicals are also susceptible to regional-scale atmospheric transport and can be deposited in remote areas, such as mountains and highlands. Some recent studies have highlighted the presence of new POPs along the Brazilian coast (Dorneles et al., 2008; Dorneles et al., 2010; Magalhaes et al., 2012) , but there still is limited information on the atmospheric transport and occurrence of these semi-volatile organic chemicals in South American countries.
The goal of this study is to investigate the vertical and seasonal variations of selected legacy and "new" POPs (PCBs and PBDEs) in the atmosphere of the tropical and subtropical highlands in Brazil. We address the role of potential regional and local sources on the contamination of the monitored protected sites. As a sub-project of the Global Atmospheric Passive Sampling (GAPS) Network, this work addresses the lack of knowledge on the occurrence and transport of POPs in remote areas of South America, particularly in mountainous regions.
Materials and Methods

Sample collection
This study was carried out in the mountain ranges of "Serra do Mar" (Serra dos Orgãos national park, NPSO, latitude 22°26'56''S, longitude 42°59'05''W, Rio de Janeiro State) and "Serra Geral" (Sao Joaquim national park, NPSJ, latitude 28°00'49''S, longitude 49°35'17''W, Santa Catarina State), situated in the southeast and southern parts of Brazil, respectively ( Figure 1 ). The two national parks consist of rainforests and high altitude ecosystems ( 2 000 m above sea level) that serve as important conservation areas for a wide range of biological and endemic species (Myers, 2000; Castro, 2008) . The NPSO is located in the vicinity of the Rio de Janeiro metropolitan area, considered one of the most urbanized and industrialized regions in the southeast part of Brazil, with a population of over 11 million (Figure 1 ). The NPSJ is surrounded by extended agricultural areas with a variety of farming activities such as apple, maize and tobacco. The total population around NPSJ is less than 50 thousand inhabitants (Brazil Census Bureau, IBGE, 2010) .
Polyurethane foam (PUF) disk passive samplers have been previously used to measure atmospheric concentrations of POPs in mountain ranges in Brazil (Meire et al., 2012) and have proven to be a cost-effective method (Harner et al., 2006a; Harner et al., 2006b) . Details regarding the PUF disk samplers can be found elsewhere (Shoeib and Harner, 2002; Pozo et al., 2009) . Briefly, the PUF disk sampler consists of two stainless steel chambers with different external diameter sizes (top: 30 cm; bottom: 20 cm) . The space between the upper and lower chambers and small holes in the base of the lower dome facilitate air circulation and mixing inside the sampler. The PUF sampler design also protects the sampling medium (PUF disk) from UV radiation, direct precipitation and coarse particle deposition, and decreases the effects of wind on the sampling rate.
Prior to deployment in the field, the PUF disks were precleaned by washing with water and then by Soxhlet extraction with acetone for over 20 h, followed by petroleum ether for 24 h. Clean PUF disks were fortified with seven depuration compounds (DCs) at the Hazardous Air Pollutants Laboratory, Thomson Laboratories, Environment Canada, Toronto. The DC standard mixture contains chemicals that cover a range of volatilities. These compounds either do not exist in air or are found in negligible amounts. The DC mixture included: d 6 --hexachlorocyclohexane and polychlorinated biphenyl congeners ( 13 C-labelled PCB-3, -9, -15 and -32, and native . By measuring the loss of the DCs from the PUF disk after deployment, it is possible to estimate site-specific air sampling rates in m 3 d -1 . Prior to and after sample collection, the disks were stored in solventcleaned, 1-L amber glass jars with Teflon-lined lids. Further information on spiking of PUF disks, sample extraction, and calculation of air volumes based on DC recoveries are presented elsewhere (e.g., Shoeib and Harner, 2002; Pozo et al., 2004; Harner et al., 2006b) . For each national park, PUF disk samplers were deployed at four background sites along a vertical gradient (with 500 m of altitudinal spacing between samplers) and mounted in open areas (1.5 m above ground) to ensure free airflow and to avoid obstructions and possible losses due to flooding. They were deployed at each site over winter (June to August) and summer (December to March) periods in 2007 and 2008 for approximately 90 days in each season. Four field blanks were also collected along the vertical gradient for the different periods for each national park in order to assess possible contamination of the samples during the deployment period (i.e., due to sample transport and storage).
Information about the sampling sites is given in Table 1 , including the mean air temperature during the winter and summer deployments. Air temperature data were obtained from the Brazilian National Institute of Meteorology (INMET) which operates meteorological stations in areas close to the national parks. For sites where meteorological data were not available, the air temperature was estimated by interpolation using available data from surrounding sites and assuming that the air temperature decreases by 0.6 °C for each 100 m increase in altitude, according to Flinte et al. (2009) .
Chemical analysis
The PUF disk samples were Soxhlet extracted over 20 h with 250 mL of petroleum ether. The extracts were cleaned using an open column filled with 0.75 g of deactivated acid silica (10%) and topped with 0.20 g of sodium sulfate, and then eluted with 15 mL of dichloromethane/methanol mixture (9:1). The cleaned extracts were concentrated by rotary evaporation and nitrogen blow-down to a volume of 500 L and solvent exchanged to isooctane. Mirex (100 ng) was added to all sample extracts prior to analysis, as an internal standard for volume correction.
The instrumental analyses of the extracts were carried out by gas chromatography-mass spectrometry (Agilent 6890, 5973 GC-MS) using electron impact (EI) and negative chemical ionization (NCI) for PCBs and PBDEs, respectively. The operating conditions of both EI and NCI and the selection of target/qualifier ions are described elsewhere (e.g., Pozo et al., 2004; Pozo et al., 2006) . The extracts were analyzed for a suite of target compounds that included PCBs and PBDEs. The samples were analyzed for 48 PCBs (di-CBs: -8; tri-CBs: - [17] [18] and 14 PBDE congeners (tri-BDEs: -17, -28; tetra-BDEs: -47, -66, -71; penta-BDEs: -85, -99, -100; hexa-BDEs: -138, -153, -154; hepta-BDEs: -183, -190; deca-BDEs: -209).
Quality assurance/quality control
For PCBs, the mean blank values ranged from 16 pg (PCB-156) to 0.53 ng (PCB-95) for laboratory blanks (number of samples, n = 8) and 0.13 pg (PCB-177) to 0.66 pg (PCB-101) for field blanks (n = 4). For PBDEs, the laboratory blank values ranged from 4 pg (BDE-85) and 5 pg (BDE-17) to higher levels of 0.5 ng (BDE-99) and 2.4 ng . Similarly, field blanks ranged from below 10 pg (BDE-153 and -154) to values above 0.5 ng (BDE-47 and -99).
The limits of detection (LOD) in air samples were defined as the average of field blanks (n = 4) plus three times the standard deviations. In cases where target compounds were not detected in blanks, one-half of the instrumental detection limits (IDLs) value was substituted for the LOD (Pozo et al., 2004) . The IDLs were based on the injection amount that corresponded to a signal/noise value of 3:1. Results were reported only if the signals exceeded three times the baseline noise values. Method recoveries for PCBs and PBDEs were determined by spiking PUF disks with standard solutions of target compounds and taking these through the methodology. Recoveries were generally > 85% and so no recovery correction was applied to the data.
Deriving air concentrations from depuration compounds
The application of depuration compounds to calculate sitespecific sampling rates for deriving air concentrations on PUF disks has been described in earlier publications (e.g. Shoeib and Harner, 2002; Pozo et al., 2004; Gouin et al., 2005) . In this technique, air sampling rates are calculated based on the loss of DCs that are spiked onto each PUF disk prior to deployment. Sampling rates (R) derived from earlier studies are typically about 3 to 5 m 3 d -1 (Pozo et al., 2006; Pozo et al., 2009 ). The average R value for this study is in good agreement with previous studies conducted under the GAPS Network (3.6±2.0 m 3 d -1 ) (Meire et al., 2012) . The greatest R values (7 to 8 m 3 d -1 ) were mainly associated with the highest elevation sites and may likely be attributed to higher wind speeds at these locations. Air concentrations are derived by dividing the amount of the target analytes accumulated on the PUF disk by the effective air volume for the particular chemical. The volumes can be chemical specific and depend on the volatility of the compound. Chemicals with high octanol-air partition coefficient (K OA ) values will have a high sorption capacity on the PUF disk, in which case the effective air volume is just the sampling rate R multiplied by the number of days the samplers were exposed. For more volatile chemicals with lower K OA values, the PUF disk may reach saturation during deployment resulting in a reduced sample volume (Gouin et al., 2005) . Effective air sample volumes for a wide-range of target compound classes can be calculated using a template available from the GAPS Network (e-mail: GAPSNetwork@ec.gc.ca).
Air mass back trajectory analysis
To investigate the influence of the atmospheric large-scale circulation on the pollutant concentrations, 5-day backward air trajectories were calculated using the HYSPLIT trajectory model (Draxler and Rolph, 2011) . The trajectories were calculated every 48-hr arriving at 00:00 UTC at Guapimirim (NPSO site, alt. 400 m a.s.l.) and Chapadao (NPSJ site, alt. 600 m a.s.l.) for each seasonal period (summer and winter). Hierarchical cluster analysis (Ward, 1963) was subsequently used to classify the backward air trajectories into groups of similar history (source area, length, travel time and curvature). Cluster analysis is a multivariate statistical technique widely applied to backward air trajectories for identifying transport patterns and sources of both anthropogenic pollution and natural constituents of the atmosphere, including atmospheric aerosols (Abdalmogith and Harrison, 2005) and trace gases (Eneroth at al., 2003) . In the present paper, cluster analysis of backward air trajectories is used to investigate the extent to which different atmospheric flow patterns influence the concentrations of POPs at the monitored sites. Additional details on the model and input dataset are provided in the Supporting Material (SM).
Results and Discussion
Air Concentrations of target chemicals
Among the 48 targeted PCBs, only 30 congeners were consistently quantified in all sample extracts. They included: . Generally, all monitored PBDEs congeners were below the LOD. The relatively high laboratory blank values for PBDEs in some cases are attributed to the large number of contamination sources of PBDEs in the laboratory environment. Results for PBDEs are not discussed further in this paper. Details of LOD and IDL values are presented in Table SI (see the, SM).
PCB air concentration levels
The air concentrations of PCBs at the two national parks ranged from a few tens to a few hundreds pg m -3 with the greatest contributions (40 to 80%) from the tri-CB (-17, -18, -28, -31, -33 and -16/32) and tetra-CB congeners (-42, -44, -49, -52, -70 and -74) . Seasonal and altitudinal air concentrations for total PCBs are summarized in Table 2 for both national parks. Using the Wilcoxon Rank-Sum test (p < 0.05), significant differences in median values for the PCBs were found between the two national parks. Generally, average PCBs measured at NPSO were 2 times larger compared to the NPSJ.
The results for the PCBs detected in the two national parks are also summarized in Figure 2 PCBs: 8, 16, 17, 18, 28, 31, 32, 33, 37, 42, 44, 49, 52, 56, 60, 66, 70, 74, 87, 95, 99, 101, 110, 118, 123, 137, 138, 149, 151, 153 Concentrations in air (pg m -3 ) of (30) PCBs ranged from 70 to 620 (geometric mean, GM = 235) and from 25 to 230 (GM = 80) for NPSO and NPSJ, respectively. These concentrations (especially those at NPSO) are much higher than the levels reported in most studies in mountainous regions worldwide. In some cases, the highest air concentrations for PCBs are almost one order of magnitude higher compared to the levels reported in other mountain sites in Europe, Asia and North America (1 to 10 pg m -3 ) (Van Drooge et al., 2004; Shen et al., 2006; Gong et al., 2010) . Similarly, recent studies in South America reported PCBs in the Chilean (<10 to 26 pg m -3 ) and Bolivian Andes (10 pg m -3 ) (Pozo et al., 2004; Pozo et al., 2009; Estellano et al., 2008; Shunthirasingham et al., 2011) at concentrations that are considerably lower compared to the current study in Brazil. However, Montone et al., (2005) reported similarly high air concentrations for PCBs in coastal areas of Brazil, Uruguay and Argentina, with the highest PCB levels ( 100 pg m -3 ) at coastal sites.
The relatively high air concentrations of PCBs found in this study are comparable to results for sites impacted by urban and industrial activities, as reported by the GAPS Network and other previous studies worldwide (Coleman et al., 1997; Jaward et al., 2004; Jaward et al., 2005; Shen et al., 2006; Pozo et al., 2009) . Results from the GAPS Network show that air concentrations of PCBs in South American countries are generally lower ( 10 to 100 pg m -3 ) compared to sites in Asia and Europe (100 to 1 000 pg m -3 ), which reflects the higher usage of PCBs in the northern hemisphere (Pozo et al., 2006; Breivik et al., 2007; Pozo et al., 2009) .
Although the findings of the current study place Brazil as one of the largest consumers of PCBs in South America, there are uncertainties associated with PCB usage in Brazil. According to some estimates, the old PCB stocks in Brazil range anywhere from 68 kt up to 130 kt. Moreover, a few decades after the first governmental restrictions, the usage of PCBs in the country is still reported in some types of electrical equipment such as transformers and capacitors and is estimated to amount to approximately 300 kt (Almeida et al., 2007) .
The extremely high PCB levels reported in the southeast tropical mountains (NPSO) are consistent with previous studies of PCB contamination in different ecosystems located around the same region in Brazil (Souza et al., 2008; Cunha et al., 2012) . Southeastern Brazil is an important industrial and urban region, and is considered one of the most anthropogenically contaminated coastlines in South America. Several studies have reported high levels of PCBs in the biotic and abiotic environment along these Brazilian coastlines that, in some cases, are comparable to contaminated areas in the Northern Hemisphere (Montone et al., 2005; Souza et al., 2008; .
Seasonal and altitudinal variations of PCBs
Seasonal and altitudinal variations in air concentrations of PCBs and its homologues were investigated by comparing summer and winter results. Only the NPSJ sites exhibited a significant seasonal difference (Wilcoxon Rank-Sum test, p < 0.05) with highest PCB air concentrations occurring during the winter. There is not a clear explanation for this seasonal trend over the subtropical mountainous areas. Generally, seasonal variations combine different environmental factors such as meteorology (i.e., air temperature, precipitation rates and prevailing winds) and proximity to both primary and secondary pollution sources. According to previous studies, precipitation rates play an important role in the atmospheric wash-out of POPs in tropical and subtropical mountainous regions (Daly and Wania, 2005; Estellano et al., 2008) . The total rainfall at NPSJ sites ranged from 700 to 260 mm in the summer and winter seasons, respectively, according to data compiled from INMET. The relatively low PCB air concentrations reported during the summer period could be explained by the efficient wet deposition of PCBs over the more pristine subtropical mountains (NPSJ). Nevertheless, similar and even higher seasonal differences for precipitation rates were also observed at NPSO sites (900 and 230 mm for summer and winter months, respectively). For NPSO sites, in particular, emissions from contaminated areas around the park may also represent a major contribution that overlaps the broader regional seasonal trends.
In terms of altitudinal trends, the greatest PCB air concentrations were mainly observed at the lower altitude sites at NPSO, reinforcing the influences of urban and industrial sources. In some cases, the results of Spearman's test showed a strong negative correlation between PCB air concentrations and altitude (p < 0.05, see more details in SM, Table S2 ). Previous studies by Jaward et al., (2005) and Estellano et al., (2008) have also reported similar altitudinal trends of PCBs in the Italian Alps (700 to 1 790 m a.s.l.) and Bolivian Andes (1 820 to 5 192 m a.s.l.), respectively. There was no clear altitudinal trend at NPSJ sites, although greater air concentrations were observed at the high-altitude sites (1 000 to 1 800 m a.s.l.) during the winter period. Details of the seasonal and altitudinal variations of total PCBs (pg m -3 ) are summarized in Figure 3 for both national parks. Figure 4 shows the overall seasonal and altitudinal variations of PCB homologue composition. The profiles were similar for both national parks with the 3-Cl and 4-Cl congeners contributing 37 -79%, followed by 2-Cl (8 -30%), 5-Cl (8 -29%), and 6-Cl (4 -13%). The atmospheric predominance of tri-and tetra-PCB congeners was reported in previous mountain studies (Pozo et al., 2004; Wang et al., 2010) . The intermediate chlorinated congeners have generally greater high-altitude transport potential compared to higher and lower chlorinated ones which can be more efficiently removed and degraded from the atmosphere . Similar PCB homologue compositions in air were also observed in the Bolivian and Chilean Andes (Pozo et al., 2004; Estellano et al., 2008; Shunthirasingham et al., 2011) .
Air trajectory clusters and transport pathways
In the summer period, five main backward trajectory clusters were identified at Guapimirim (NPSO). About 70% of the clusters were of maritime origin (clusters 2, 3, 4 and 5) with southerly and easterly trajectories (see the SM, Figures S1 and S2 ). Some individual trajectories in this cluster had a north-easterly approach, travelling over land before reaching the measurement point (cluster 3, Figure S2 ). Similar airflow pattern was also observed during winter for the same site where three clusters were identified (see the SM, Figures S3 and S4) . Overall, the sampling at NPSO was dominated by trajectories that stemmed from southerly and easterly regions over the Atlantic Ocean. Only the last few hours of these trajectories are spent over land. Nevertheless, the results for NPSO ( Figure 3) show a clear gradient with higher PCB air concentrations at the lower altitude sites. This is likely associated with the proximity of the lower altitude sites to urban/suburban sources and with the air masses "collecting" PCBs from these sources.
Lower PCB air concentrations and a lack of strong altitudinal gradient at NPSJ sites ( Figure 3 ) may also be partly explained by air mass trajectories. The lowest elevation site, Chapadao, where PCB air concentrations were relatively low, received predominantly southerly maritime air during summer 2008 (see the SM, Figures S5  and S6 ). In the winter period, five clusters were identified at this site, of which about 70% of the trajectories were southerly (clusters 1, 2, 3 and 4), with clusters 3 and 4 having faster moving trajectories that stemmed from the southern Pacific and the Antarctic Peninsula, respectively. Clusters 1 and 2 were purely maritime flows and contributed 67% to the total trajectories. The remaining 30% comprises air trajectories with northerly continental influences (see the SM, Figures S7 and S8 ).
This analysis highlights the strong influence of meteorology and air masses on the delivery of contaminants and resulting air concentrations of PCBs. In the case above, trajectory analysis helps to explain the observed low air concentrations of PCBs at the Chapadao sampling site during the summer period. The analysis also highlights the potential influence of distant continental sources on the seasonal variability of PCBs at some sites. 
PCB levels vs. population density
Several studies have shown a strong link between PCB air concentrations and population density (Pozo et al., 2006; Shen et al., 2006; Pozo et al., 2009) . This is due to the continued influence of point sources associated with urban/industrial activities and PCB stocks. In the current study, we found this influence to be most apparent at the lower altitude sites that are closest to potential local sources. This relationship is depicted in Figure 5 which shows total PCB air concentrations at the lower sampling sites (400 to 1 000 m a.s.l.) and the sum of the local population of the surrounding cities/towns (within 20 km of the sampling sites) based on data compiled from the Brazilian Institute of Geography and Statistics (IBGE, 2010) . The results indicate that urban/suburban point sources continue to influence ambient PCB concentrations at background sites in Brazil. This is supported by other recent studies that show the importance of urban point sources of PCBs (Souza et al., 2008; Cunha et al., 2012) . This is in contrast with some studies (e.g. Schuster et al., 2011) that have indicated that, in some parts of the world, PCB point sources are beginning to play a lesser role as soilair systems are approaching equilibrium for PCBs with ambient concentrations now governed mainly by soil-air exchange/transfer.
Conclusions
This study is the first investigation of PCBs and PBDEs in Brazilian mountainous regions. The relatively high air concentrations observed in the study reflects the high use of PCBs in Brazil and indicates that urban/suburban areas are likely to be important regional emission sources. These emissions are subject to transport and deposition in remote mountain sites. Careful management of existing PCB stocks is required to minimize the contamination of pristine mountain regions and other ecologically sensitive receptor sites. Ongoing air monitoring studies are needed to assess the effectiveness of PCB regulation and management efforts. Passive samplers are demonstrated here as a costeffective and feasible tool for conducting such studies.
